Background
Introduction

Insects
The H. halys colony was established in 2007 from adults collected in Allentown, PA, and reared on a diet of organic green beans and seeds (2:1 sunflower: buckwheat seed). Insects were maintained in Thermo Forma chambers (Thermo Fisher Scientific 1 ) at 25°C and 72% relative humidity with 16:8 hour light: dark cycle. The colony was replenished with~20 field-collected bugs annually that were collected in USDA, ARS, Beltsville Agricultural Research Center, Beltsville, MD.
Semiochemical Collection and Analysis
H. halys adults used in airborne collections were moved into separate all-male or female rearing containers two days post-imaginal ecdysis, at which point they were held until transferred to aeration containers under laboratory conditions based on methods previously developed for collecting volatiles for other insect species [14] . H. halys were placed individually (n = 116 males, n = 15 single females) or in groups (n = 89 grouped males with 6-29/group, n = 8 grouped females with 8-14/group, n = 59 third-stage nymphs with 6-20 per group in same age) in 1-liter, 4-necked glass containers with green beans and water. Volatile airborne collections were started using 5-11 day-old same sex virgin adults or 3 rd stage nymphs, and conducted in 24-hour increments for up to three months. Humidified air was drawn into the container through 6-14 mesh activated charcoal (Fisher Scientific1, Pittsburgh, PA), and out through two traps (15 cm x 1.5-cm OD) containing Super Q (200 mg each; Alltech Associates, Inc.1, Deerfield, IL) by vacuum (~1 liter/min). Insects were fed organic green beans (replaced every 2-3 days) and provided water tubes with cotton balls, and aerated continuously for 20 to 100 days depending on insect living conditions at room temperature (23-25 0 C) and 16L: 8D photoperiod. The adsorbent traps were changed every day (some of them in 3 days for weekend) and eluted with methylene chloride (0.5 ml/each sample). The eluents were stored in -30 0 C freezer until analyses. Aeration samples were analyzed using a 30m x 0.25mm x 0.25μm inner diameter non-polar methyl silicone HP-5 capillary column (J&W Scientific Inc 1 ) on an Agilent 6890 gas chromatography (GC) equipped with an HP auto-sampler in splitless mode (1.4 ml/min hydrogen carrier). Oven temperature was programmed at 40°C for 2 min, then to 280°C at 15°C/min and held for 7min. A hydrocarbon, tetradecane (10 ng/μL), was used as external standard for quantitative analysis. Gas chromatography-mass spectrometry (GC-MS) analyses of semiochemicals were conducted on an HP 6890 GC equipped a HP 5973 Mass Selective Detector using same column and oven temperature programs as GC, but with helium as carrier gas (1.4 ml/min). A 70 eV electron beam was employed for sample ionization [15] . Synthetic chemical standards, tridecane, tetradecane, and E-2-decenal were purchased from Sigma Aldrich (St. Louis, MO) and Bedoukian Research, Inc. (Danbury, CT).
Pheromone Inhibition Tests
Male airborne collections were analyzed daily for pheromone emission as described above. When 3000 to 5000 ng/day was obtained and consistent for 2-3 days, a permeable polyethylene vial (26 mm x 8 mm x 1.5 mm thick, Just Plastic Ltd., Norwich, UK) containing 20 μL pure pheromone antagonist compound (C13 or C13+E-2-decenal in 10:1 ratio) with closed cap was placed into the aeration chamber for 24 hours. The volatile collection and analysis were continued for at least three days after the 24 hour treatment period. In a second application, 20-30 μL C13 or 20 μL C13+ E-2-decenal (10:1 ratio) was reapplied to the same chamber one week after the initial antagonist test to check for repeatability.
Individuals used in Y-tube assays were either classified as young adults (2-7 days post-adult emergence), old adults (13-23 days post-adult emergence), or 3 rd stage nymphs (13-20 days post-egg eclosion). Individuals from each group were tested in a Y-tube olfactometer for their attraction to live males. Y-tube bioassays were conducted from September-November of 2011 between 8 a.m. and 4 p.m., in a fume hood lined with black paper and covered with black curtain to prevent external visual stimuli. The Y-tube measured 30 cm for the straight tube and 15 cm for either arm, with an 8 cm diameter. At the end of each arm and the entry port for tested subjects was a modified 1L rounded flask [14] . Ambient air was pulled through an activated charcoal filter at 1 L/min and aerated with distilled water before being split through each arm. The fume hood was illuminated by a single 60 watt light bulb with a light intensity of 800 LUX, placed 50 cm above the fork in the Y-tube, with 26-28°C temperature and 50% RH. Plume structure and wind velocity were checked using incense smoke prior to the first assay. Prior to being tested, insects were moved from Thermo Forma cages to individual 15 x 100 mm Petri dishes for one hour before being placed in the Y-tube. The Y-tube was rinsed with water and acetone after six bioassays had been conducted and if a new age group was to be evaluated. Individual insects were introduced into the release chamber and permitted to walk into either flask at the end of an arm (odor or control). If an insect did not respond within 10 minutes, it was recorded as "non-responder". Individuals were used only once in these trials.
Attraction of nymphs, old adult males and females, and young adult males and females was observed toward live pheromone-producing males. Daily GC monitoring of samples from male aeration chambers were used to verify that males used as "Live Male" treatments in the Ytube were actively releasing pheromone, and male lures were moved into the Y-tube 30 minutes prior to release of the test subject. A blank (empty) Y-tube was used to test H. halys movement in the assay chamber when no odors were present to ensure no bias in position.
Statistical Analyses
The average and standard error of pheromone, C13, and E-2-decenal emission was calculated for single and grouped males, females, and nymphs by averaging the average/day of each aeration chamber. The start age that males began producing pheromone, C13, and E-2-decenal was calculated using average and standard error of individual males with statistics run as above. The start age by year was also calculated. Male-produced semiochemicals occurred in cyclic peaks, thus we calculated the average time in days between odor bursts, and tested whether this varied significantly by individual male using ANOVA (JMP 1 ).
The effect of male density on compound emission was graphed using log-transformed data and repeated-measures ANOVA was used to test the effect on each compound. The relationship between C13 and pheromone was analyzed via ANOVA pairwise comparisons. Average and standard error of compounds was calculated for single males by time of day. Time periods were standardized for number of hours collected and ANOVA was used to test for effects. Tukey HSD comparisons tested all compounds and times combined.
Y-tube bioassays were analyzed for each age group and treatment using Likelihood Ratio tests (JMP 1 ), with the likelihood of entering either arm set at 50% and the confidence interval set at 95%. Difference in movement towards live males was analyzed for each age/sex using Nominal Logistic Regression.
Results
Patterns in Pheromone Emission
Single adult males produced more male-specific pheromone than groups of males ( Table 1) while groups of males produced more C13 than single males. E-2-decenal was not a major proportion of the male odor blend. Nymphs and females did not produce pheromone. Single and grouped females and 3 rd stage nymph groups produced similar amounts of C13 and E-2-decanal. Grouped males released 10-fold more C13 than nymphs, and 100-fold more than females. Nymphs released 100-fold more E-2-decenal than males and grouped females and 10-fold more than single females (n = 116 single males; n = 89 grouped males with 6-29/group; n = 15 single females; n = 8 grouped females with 8-14/group; n = 59 third-stage nymphs with 6-20 per group). The average and standard error of start age of the male-produced pheromone was 12.71 days ± 1.00 (n = 28). Males were placed in chambers at various ages, from 5-12 days into adult stage, but this did not affect the start age of pheromone emission. ANOVA: Age produced = Age started, year. R Cyclic patterns in emission of compounds were quantified using the numbers of days between peaks (Fig 1) . Pheromone emission peaked roughly every three days. C13 and E-2-decenal did not frequently show a repeated peaking trend, rather there were one or two bursts per airborne collection. Fig 1A is an example of cyclic pheromone and random C13 peaks for a male held singly and moved to an aeration chamber five days into the adult stage. Fig 1B shows a male removed from an all-male holding cage and placed in an aeration chamber on day 9. This initial peak of C13 was frequently observed for the first 1-2 days of airborne collections if the male was not held singly. Average days between compound emission peaks are more frequent for bursts of pheromone emission relative to C13 and E-2-decenal. The amount of pheromone, C13, and E-2-decenal present varied by number of male H. halys adults in chamber (Fig 2) . These data shows 24-hour airborne collections from 2011-2012 on 13-90 day-old adults, with log-transformed data using repeated measures ANOVA for Compound = subject, # males (subject). Pheromone F 1,71 −6.634; p < 0.0001; C13 F 1,71 −5.701; p = 0.001; E-2-decenal F 1,71 −1.617; p = 0.003. Regression equations: Pheromone = -0.17x + 2.52; C13 = 0.22x + 1.15; E-2-decenal = -0.773x + 0.290. The relationship between C13 and the male-specific compounds was analyzed via ANOVA using pairwise correlations. Pairwise correlations, p < 0.0001. The C13 and male specific compounds interaction overlaps at 2.5 males. Pheromone/C13/E-2-decenal cycling for single male. The average ± SE start age of pheromone emission: 12.71 days ± 1.00 (n = 28). Start age of pheromone emission did not significantly vary by the age that males were placed in the jar (ages 5-12 days, n = 28). Pheromone emission was peaked every 3.04 ± 0.08 days, with an average of 3.33 ± 0.27 peaks per male. C13 and E-2-decenal emissions lasted longer 6.90 ± 0.53 days for C13, and 6.64 ± 0.80 days for E-2-decenal. C13 and E-2-decenal usually do not show repeated peaking trend, with average number of peaks being 1.91 ± 0.16 for C13 and 0.64 ± 0.16 for E-2-decenal (n = 84 males). (A) Example of cyclic pheromone and C13 peaks for a male held singly and placed in aeration chamber five days into the adult stage. (B) A male removed from an all-male holding cage and placed in an aeration chamber on day 9.
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Compound emission varied by time of day (Fig 3) . Single males released more pheromone in the morning/early afternoon than in the evening/overnight, while C13 was released in greater amounts in the evening/overnight. Amount of compound per time period was stan- 
Y-tube Bioassays
As a control, we tested the likelihood that each age group would move in an empty Y-tube ( Fig  6A) . For Nymphs: χ likely to move randomly in the Y-tube and data should be interpreted with caution. Adults, especially males over 13 days into the adult life stage, are more likely to stay in the release chamber when no odor stimuli are present. Each age group (nymphs, young adults, and old adults) was tested for attraction to pheromone-producing adult males. Twenty to 25 individuals were tested for each age. Percentage of non-responders did not differ by age group (χ 2 -104.38, p = 0.29, DF-4, 93); these data were not included in statistical analysis. Old adult males were the only group significantly attracted to 
Discussion
Halyomorpha halys exhibits similar seasonal behaviors in the U.S. as in its native range in Asia [1] . Adults emerge from overwintering sites in April and begin mating and ovipositing two weeks later [1] . There are five nymphal stages throughout the summer months leading to the next generation adults. In Japan, adults reach sexual maturity around late-September [1, 16] . H. halys reach sexually maturity at 14-15 days after imaginal ecdysis [16] . Early reports of H. halys life cycles in the mid-Atlantic U.S. reported a single generation [4] in eastern Pennsylvania; however, Leskey et al. recorded bivoltinism in Kearneysville, WV [5] . The average start age for pheromone emission for laboratory-reared H. halys was 12.71 days. Male H. halys release pheromone, C13, and E-2-decenal at different times during the day, with pheromone being higher from 9 a.m.to 3 p.m., and C13 and E-2-decenal being higher in evening hours and overnight, suggesting that insect activity in natural settings may be primarily during the photophase. In other Pentatomidae, mating and feeding periodicity has also been shown to be related to diurnal emissions of aggregation pheromones [17, 18] .
There are many reports on the circadian rhythm in sex pheromone release for Lepidoptera and Heteroptera [19] [20] [21] [22] . However, our data also show that the male-produced pheromone is released in a cyclic spiking pattern every three days, which has not been reported. This could be due to saturation of feedback receptor neurons [23] within the aeration jars or physiological limitations in the production process. C13 is more volatile than the pheromone, and it is possible that this could decrease antennal receptor cell response. This has been observed in moth antennae where compounds with higher volatility impacted electrophysiology and reception [24] . C13 and E-2-decenal are released in a less cyclic pattern with an average release time of 6-7 days, and the total amounts of both increase with male density. We showed that synthetic C13 decreases pheromone production, but the absence of repetitive C13 peaks suggests that this compound is not the only factor affecting pheromone emission. Thus, it likely that male H. halys are sensitive to the dose of ambient pheromone as well. Our studies suggest that male H. halys do not decrease pheromone production in response to C13 + Aldehyde.
Male H. halys over 13 days into the adult stage (when pheromone production starts) were significantly attracted to other live males in Y-tube bioassays. While we monitored males daily for high pheromone emission before using them as lures, it is possible that the disturbance of being moved to the Y-tube affected their pheromone release at the time of bioassay. Third stage nymphs exhibited an attractiveness (60-65%) to live males, although this was not statistically significant. Females less than 7 days into the adult stage also showed a similar trend (60%) for movement towards live males. Interestingly, females over 13 days into their adult stage chose the blank control over the odor source. These females were often observed walking to the split in the Y-tube, tapping for 1-5 minutes, and moving into the control arm. Females of the family Pentatomidae have been reported to use bioacoustic signaling in a number of species [25] , so it seems that additional feedback stimuli are needed for female H. halys to complete movement towards an odor stimuli. This should be taken into consideration if this odor blend is used for monitoring wild populations [2] .
Our studies show that H. halys male-produced pheromone emission varies by time of day and density of male conspecifics. Tridecane may be produced in greater quantities at night because it is always proportional with E-2-decanal production. Pheromone release is greater during the morning and afternoon hours when aggregation is at its highest. It is possible that conspecifics spread out in the evening hours and overnight. Although live males were only significantly attractive to adult males over 13 days of age in Y-tube assays, it is likely that this pheromone plays a role in aggregating all age groups. Similarly, the presence of C13 and E-2-decenal in females and nymphs may play a role in reducing pheromone emission in aggregated groups.
